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Abstract21

Atomic oxygen (O) in the MLT (mesosphere and lower thermosphere) results from a bal-22

ance between production via photo-dissociation in the lower thermosphere and chem-23

ical loss by recombination in the upper mesosphere. The transport of O downward from24

the lower thermosphere into the mesosphere is preferentially driven by the eddy diffu-25

sion process that results from dissipating gravity waves and instabilities. The motiva-26

tion here is to probe the intra-annual variability of the eddy diffusion coefficient (kzz)27

and eddy velocity in the MLT based on the climatology of the region, initially accom-28

plished by Garcia and Solomon (1985). In the current study, the intra-annual cycle was29

divided into 26 two-week periods for each of three zones: the northern hemisphere (NH),30

southern hemisphere (SH), and equatorial (EQ). Sixteen years of SABER (2002-2018)31

and 10 years of SCIAMACHY (2002-2012) O density measurements, along with NRLMSIS R©
32

2.0 were used for calculation of atomic oxygen eddy diffusion velocities and fluxes. Our33

prominent findings include a dominant annual oscillation below 87 km in the NH and34

SH zones, with a factor of 3-4 variation between winter and summer at 83 km, and a dom-35

inant semiannual oscillation at all altitudes in the EQ zone. The measured global av-36

erage kzz at 96 km lacks the intra-annual variability of upper atmosphere density data37

deduced by Qian et al. (2009). The very large seasonal (and hemispherical) variations38

in kzz and O densities are important to separate and isolate in satellite analysis and to39

incorporate in MLT models.40

1 Introduction41

The intra-annual variation of turbulent processes in the MLT are important to the42

distribution of constituents both within and above this region, including atomic oxygen.43

(Garcia & Solomon, 1985) studied these very processes, with findings that have stood44

the test of time. Upward coupling of gravity waves from the lower atmosphere plays a45

key role in the vertical mixing and constituent distribution in the MLT. Turbulence is46

due to convective and shear instabilities, combined with dissipating gravity waves (Hines,47

1960; Fritts & Alexander, 2003; Lübken, 1997)), account for the majority of disturbances48

that result in eddy diffusion of constituents with respect to the background atmosphere49

(Becker & von Savigny, 2010; Gardner, 2018; Swenson et al., 2018). Eddy diffusion con-50

stituent transport effects in the TIE-GCM (thermosphere-ionosphere-electrodynamics51

general circulation model) by introducing a global average , intra-annual variable eddy52

diffusion coefficient at 97 km to couple MLT oxygen densities with the thermosphere (Qian53

et al., 2009, 2013). Another approach has been to propagate tropospheric originating grav-54

ity waves from below, via mechanistic model of MLT composition (Becker & von Sav-55

igny, 2010; Grygalashvyly et al., 2012; Becker et al., 2020), and also by WACCM (whole56

atmosphere community climate model) (Garcia et al., 2007; H.-L. Liu et al., 2018). Fil-57

tering gravity waves from below by stratospheric and mesospheric winds is an important58

aspect of the coupling. Parameterizing subgrid-scale phenomena in general circulation59

models is a difficult task, but finer grid resolution in the models of the middle and up-60

per atmosphere are leading to improved representations of GWs in the MLT and over-61

lying thermosphere (see H.-L. Liu et al., 2018).62

The climatological distributions of constituents in the MLT are influenced by the63

eddy transport processes which redistribute constituents both horizontally and vertically.64

One of the simplest to understand is the atomic oxygen distribution, initially character-65

ized by Colegrove et al. (1965). Atomic oxygen is produced above ∼100 km by photo-66

dissociation of O2, and diffuses downward by eddy processes including turbulence and67

dissipating gravity waves (see Figure 1 schematics). The method of paramaterized eddy68

diffusion velocity is determined by the loss chemistry of atomic oxygen, which recom-69

bines near 87 km. Swenson et al. (2018, 2019), hereafter S18 and S19, respectively, re-70

fined the method of Colegrove et al. (1966) to determine the global mean parameterized71

coefficient profile kzz in the MLT, using measurements of OH airglow emissions from TIMED72
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SABER (Russell et al., 1999; Mlynczak, Hunt, Mast, Thomas Marshall, Russell, et al.,73

2013) over 16 years, as well as from the Envisat SCIAMACHY (Kaufmann et al., 2014;74

Zhu & Kaufmann, 2018) measurements of both OH and O(1S) over 10 years.75

This study is Part II of the S19 study, in which we extend our kzz determination76

and analysis to examine intra-annual variations (IAVs) within three latitudinal zones:77

the northern hemisphere low-to-mid latitudes (NH, 15 to 55◦), the southern hemisphere78

low-to-mid latitudes (SH, -15 to -55◦), and equatorial latitudes (EQ, ±15◦). The inves-79

tigations are being implemented in a sequence, the inter-annual variation of bi-weekly80

zonal averages (IAVs), the global IAV (by area weighting the three zones), which are de-81

viations from the global mean (see S19), and deserves a dedicated discussion. Intra-annual82

variations have been studied by (Salinas et al., 2016) using SABER CO2 measurements.83

Variations associated with thermospheric waves and advection have been described by84

(Jones et al., 2014, 2017, 2018) where thermospheric O densities which vary with an AO,85

we surmise to be driven by kzz. This study specifically focuses on the IAV of kzz, and86

additionally, the IAV of the MLT oxygen density, a parameter that varies separately with87

respect to the determination of the diffusive flux of O, in the MLT. We feel it is impor-88

tant to establish these basic coupling processes and that they incorporated into mod-89

els so that more complex issues of advection and circulation effects can be better ana-90

lyzed and understood.91

2 Method Summary and Discussion92

The primary transport mechanism for O is diffusion, where the total diffusive flux93

(nv), and the diffusion velocity is the sum of the molecular and eddy components (Equa-94

tion 1 below, see S19). The integral loss rate of O, via chemistry, is assumed to be sup-95

plied by the downward diffusive flux (Equation 2).96

The method for determination of kzz is as follows. Equations (1) and (2) both de-97

scribe the downward flux of atomic oxygen, where (1) is traditional composition rela-98

tionships and (2) is driven by the O loss due to chemistry. The chemical processes are99

described in our previous two studies, S18 and S19. The chemistry in Equation 2 is de-100

scribed in S18, and the rate coefficients (k1,k4,k6) are from (Sander et al., 2011). We be-101

gin the analysis by calculating the downward flux with Equation 2. The flux is then di-102

vided by the oxygen density for the determination of the total diffusion velocity versus103

altitude. Using Equation 3, the eddy diffusion velocity is determined by subtracting the104

molecular diffusion velocity. Finally, Equation 4, a variable component of Equation 1,105

is used to determine kzz. kzz is the paramaterized eddy diffusion coefficient which rep-106

resents the transport due to mixing from dissipating and breaking waves, and instabil-107

ities.108

The vertical eddy velocity is a function of the total density gradient imposed by109

the scale height, the atomic oxygen gradient, and the temperature gradient. On the av-110

erage, the O loss chemistry drives the slope of the oxygen density and bottom side (be-111

low 96 km) O profile. Especially note the oxygen dependence in Equation 4 is via the112

gradient of O, which is insensitive to a change in the oxygen density, given changes in113

O density affect the numerator and denominator equally, resulting in a null effect on the114

kzz.115
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vO,eddy(z) = vO(z)− vO,md(z) (3)

kzz = − vO,eddy(
1
H + 1

T
dT
dz + 1

[O]
d[O]
dz

) (4)

The term definitions for the equations are described in Appendix A.116

Equation (2) used to calculate the integral loss rate, from 80 km to z, where z is117

the altitude for which a diffusion velocity is calculated, was similar to that described by118

S19, with one exception. S19 defined the OH loss process using:119

O3 +H −→ OH∗ +O2, k2 = 1.4× 10−10 exp(−470/T ) (5)

where the global mean values of ozone and hydrogen density were used to determine the120

O loss rate. In this study, that expression was replaced with the reaction:121

O +O2 +M −→ O3 +M, k1 = 6.4× 10−34(300/T )2.4, (Sander etal.,2011) (6)

where M is molecular density, N2+O2. Equation (6) is the unique source of the ozone122

in Equation 5, enabling the study to directly incorporate SABER and SCIAMACHY atomic123

oxygen effects on kzz. The O density and reaction coefficients for the loss rate are unique124

for each of the 78 temporal/spatial elements. The second and third terms in Equation125

(2) are described in the Appendix B.126

The integral flux in Equation 2 is an upper limit, since some O is produced via pre-127

dissociation in the mesosphere by the Schumann-Runge bands (e.g., Frederick & Hud-128

son, 1980). We computed the average hemispherical production rate from the Schumann-129

Runge bands (S-R bands) in the 85-92 km altitude region in Figure 7 of Koppers and130

Murtagh (1996) to be 8.5×104 cm−3s−1 for the overhead sun, and the average nighttime,131

hemispherical O loss rate is 1.5×106 cm−3s−1. The ratio 5.6% for the overhead sun, but132

the average dayside production rate would be or ∼1/2 this value. We are performing a133

detailed study of O production and loss continuity that will refine this fraction, but the134

relative intra-annual variabilities of kzz are unaffected. The kzz values calculated herein,135

are an upper limit where the values are less by the fraction of O produced locally by the136

S-R bands. This fraction is comparable to the fraction determined from the (Frederick137

& Hudson, 1980) model values used by S19, where a comparable fraction was calculated.138

3 Data and Analysis139

The effects of tidal and planetary waves are minimized by averaging. The sample140

averages of both SABER and SCIAMACHY data were chosen to be 14 days for 10 years141

of SCIAMACHY data and 16 years of SABER data. The spatial zones are large which142

minimizes coupling by advection from adjacent spatial/temporal domains.143

The three zones (NH, SH, and EQ) were combined with the 26 two week periods144

to describe the intra-annual cycle, a total of 78 temporal/spatial elements for analysis.145

In addition to the observed SABER and SCIAMACHY O profiles, N2, O2, H, and neu-146

tral temperatures must be determined for each of the 78 elements. N2, O2, H, and neu-147

tral temperatures were computed using NRLMSIS 2.0, MSIS2.0 or just (Emmert et al.,148

2021). The model has recently been upgraded to include a large amount of available satel-149

lite and ground based data over the past 20 years. Both SCIAMACHY (2002-2012) and150
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SABER (2002-2018) covered a solar cycle, whose minimum was 2008. We chose an av-151

erage F10.7 value for the 2002-2012 as a mean value for the model computations. Note152

that over the solar cycle, there is very little variation of the constituents or temperature153

at the MLT altitudes (80-105 km), where the kzz values are being computed. For equa-154

torial conditions, MSIS determination of changes of 100 F10.7 units resulted in <1% change155

in N2 density and T, and 11% change in O density. The change in O density is consis-156

tent with the change in the FUV flux associated with the Schumann-Runge spectral re-157

gion and the O2 pre-dissociation rate (see Lednyts’kyy et al., 2017). The S18 study found158

negligible inter-annual variation in kzz with the exception of the QBO (Quasi-biannual159

oscillation) in the EQ region. The NRLMSIS 2.0 model calculations were made for the160

respective day of the year for a given period, and the spatial location chosen was -40◦161

latitude for the SH, 0◦ latitude for the EQ, and +40◦ latitude for the NH, where the cho-162

sen values were representative for the zones.163

There is a significant spatial and temporal pattern in the SCIAMACHY data base.164

The sampling frequency versus latitude and time is plotted in Fig 2. There was some165

sampling bias in the first two years of operation (2002-2004) where sampling at all el-166

igible times was under-sampled relative to later years. The missing data after 2004 is mainly167

owing to: 1) solar irradiance measurements, 2) spectral calibration, 3) relative radiomet-168

ric calibration, and 4) dark current measurements. In addition to above calibration mea-169

surements, quote ”The ENVISAT orbit solar occultation was restricted to latitudes be-170

tween 65◦N and 90◦N. Lunar occultation was performed from half moon to full moon.171

For periods of 5–8 days per month lunar occultation measurements provided latitudi-172

nal coverage from 30 to 90S. The solar scanning strategy is similar to the SAGE II scan-173

ning (Mauldin III et al., 1985): during sunrise SCIAMACHY scans several times over174

the full solar disc.” Bovensmann et al. (1999). SCIAMACHY data is plotted where the175

signal is large enough the signal-noise provides a minimal error to the measurement. Note176

that SCIAMACHY provides data for both OH (80-96 km) and O(1S, 557.7 nm), (88-105177

km). In this study, it was required that both emissions were measured for a given two-178

week period. Additionally, the SCIAMACHY data were not used to compute zonal (i.e.179

NH, SH, or EQ zones) nor global average results, but it is plotted for respective inter-180

annual variations within a zone, for relevant seasonal information.181

The TIMED (Thermosphere Ionosphere Mesosphere Energy and Dynamics) satel-182

lite inclination is 74◦. The satellite was maneuvered through a yaw cycle every 60 days,183

at approximately the same day each year, to orient the SABER instrument to view in184

the anti-sunward direction. The intent was for SABER to yaw on the same days each185

year, but over time, the satellite altitude has dropped at the rate of about 1 km per year.186

The inclination of the orbit has not changed. However, the effect of the altitude decrease187

is for the yaw dates to creep earlier than their original dates. For example, the first yaw188

of the year used to occur on January 22. That same yaw now occurs in late December.189

The yaw maneuver as well as the TIMED orbit geometry enabled the SABER instru-190

ment to acquired data on all days of the year, unlike the SCIAMACHY data described191

in the previous paragraph. The latitudinal coverage has a sampling bias, sampling fur-192

ther southward in a given cycle, and alternately northward bias in the subsequent cy-193

cle. The number of measurements at all latitudes between ±55◦ is large for all years for194

the two week sampling performed herein. Within a given 60 day yaw orientation, there195

is a variation in the local time of night sampled through the cycle. The amplitude of O196

density variation is discussed in the data analysis section that follows.197

Equation 1 lacks advection terms (Gardner, 2018), an assumption implying tur-198

bulence and wave processes uniquely and solely describe the vertical O distribution. The199

vertical distribution of O is driven by the downward flux of O, via the diffusion veloc-200

ity (kzz), as well as advection. Our prior analysis (S18, S19) involved calculations of global201

averaged kzz. In those studies, the global average constituent profiles for all latitudes202

were averaged for a minimum of a year (S18). As a result, any advection contribution203
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was arguably minimized through long-term averaging. Advection potentially influences204

the O density from an adjacent zone. It was pointed out in the previous section that kzz205

and the O density are treated as separate variables. kzz (driven by the vertical gradi-206

ent of O) and O density (where horizontal distributions are potentially influenced by ad-207

vection) are separate. The separation of variables in the intra-annual cycle (kzz and [O])208

is critical to establish the vertical coupling of constituents in the MLT.209

The 14-day interval was chosen with rationale that follows. Diffusion times is an210

important consideration. Considering a breaking wave condition in the layer and an anomaly211

in the altitude distribution is redistributed over altitude by diffusion in time. Lednyts’kyy212

et al. (2017) measured the time delay from the solar variation in the 27-day rotation (and213

associated photo-dissociation of O2) to the time the variation appears in the O(1S) emis-214

sion near 95 km, to be ∼13 days. It is estimated that it takes an additional week to dif-215

fusively transport O from 95 km to 87 km, the altitude of maximum loss via recombi-216

nation S19. Consequently, sampling average composition distributions at a temporal res-217

olution shorter than two weeks would potentially, fail to reach an equilibrium condition.218

This criteria is overstated considering averaging for 16 years. A statistically significant219

number of measurements is also necessary, clearly evident in Figure 2 for SCIAMACHY.220

Twenty six two-week periods constitute the data elements for the analysis of intra-annual221

variability, for each of the three latitudinal zones.222

The O density from both the SABER and SCIAMACHY data archives were com-223

puted for each of the elements for each year available (16 years for SABER and 10 years224

for SCIAMACHY), and averaged for all the years. As a result, the kzz determined for225

each of the elements represents the climatological mean for that element.226

4 Results227

Results for the average time evolution of kzz and a 2-D (day of year versus altitude)228

variation of amplitude for 16 years of SABER data are illustrated in Figure 3a, 3c, 3e229

and Figure 3b, 3d, and 3f, respectively. The SCIAMACHY data were not included in230

this initial analysis due to the sampling biases described above. The 2-D plot illustrates231

the dominant periods being an AO, in both the NH and SH below 87 km, and the SAO232

at all altitudes consistent with the latitudinal variability in IAVs of received solar radi-233

ation and surface temperature (see Picone et al., 2019), as well as observed and model234

IAVs in kzz and middle atmospheric winds by Garcia and Solomon (1985) and Garcia235

et al. (1997). The amplitude of the EQ SAO in spring is larger than fall. The lack of vari-236

ability with altitude in kzz for the EQ versus the NH/SH is unexpected. The details of237

the intra-annual AO and SAO variations for the respective zones are described in detail238

in the following subsections.239

4.1 Northern and Southern Hemisphere and the AO240

The results for the NH low-to-mid-latitude region are shown for SABER in Fig-241

ure 4a. The most prominent IAV depicted at the four altitudes (96, 91, 87, and 83 km)242

of is the AO, below 87 km, with a maximum in the middle of the summer, and minimum243

in winter. We also note that there is minimal variation in kzz above 87 km, including244

the upper limit of SABER data, at 96 km. Figure 4b and c are plots of kzz for both SABER245

and SCIAMACHY data for 83 and 96 km, respectively. Some SCIAMACHY data is miss-246

ing in mid summer, but with the data available, the suggestion is the amplitude at 83247

km of the summer AO maximum may be slightly less than that for SABER (Figure 4b).248

Figure 4c illustrates there is little IAV at 96 km in both SABER and SCIAMACHY. There249

appears to be a minor peak near summer solstice in both SABER and SCIAMACHY.250

The AO of kzz is the dominant oscillation in both SABER and data for the SH (Fig-251

ure 5a and b) and SCIAMACHY for the winter, in b. The altitude of most variability252
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is below 89 km increasing to the lower limit near 80 km (Figure 3b and f). The variabil-253

ities are a maximum near summer solstice and a minimum in the winter (near solstice).254

The amplitude of the winter to summer kzz at 83 km changes by a factor of ∼4 (see 3b).255

The SCIAMACHY and SABER kzz are nearly equal for the winter, where SCIAMACHY256

data was available, with a hint of winter to summer transition at day 110. A clear 180257

day phase shift in the AO is evident (Figure 5b), clearly associated with the season.258

kzz as a function of altitude calculated from SABER and SCIAMACHY O mea-259

surements, for the NH summer maximum versus winter minimum is shown in Figure 6.260

SCIAMACHY on Envisat is in a 10 am/pm polar orbit. The sampling pattern is the re-261

sult of the requirement that the full line-of-sight of SCIAMACHY shall be in complete262

darkness and that some calibration measurements are performed in the southern hemi-263

sphere during nighttime, resulting in less data points in the SH compered to the NH. The264

data chosen for this figure was for periods 26 (end of year) and 1 (beginning of year) for265

the winter profile, and period 12 (early June) for the summer values. SABER winter was266

the same as SCIAMACHY, but the summer was period 13 and 14 (late June and early267

July), chosen for it’s availability at summer solstice. The kzz plots for both SABER and268

SCIAMACHY illustrate similar variations, below 90 km, with maximum to the lower limit269

of the data at 80 km. The NH is plotted since SCIAMACHY has data for both winter270

and summer for this comparison of kzz. The large kzz at the 80 km limit of sensing from271

SABER CO2 in S19, was a result following the original analysis by (Salinas et al., 2016).272

The integrated loss of O was integrated for the summer vs. winter for a difference of 20%273

in the flux at 96 km, for those two extremes. The discussion relevant to these changes274

follows in the next two paragraphs.275

Figure 7a is a plot of the intra-annual variation of kzz at 96 km for the NH and sim-276

ilarly, Figure 7b for O density. The major variation in the O density is a broad peak near277

summer solstice. In Figure 7a and b, the dates the satellite performed a yaw maneuver278

every 60 days, directs the SABER viewing direction to be anti-sunward with respect to279

the orbital plane. This yaw oscillation (YO) performed nearly the same day each year,280

is directly correlated to the same periodic brightness variation in the O density (Figure281

7b). In each yaw cycle, the local hour sampled changes from the beginning to the end282

of the cycle, and consequently, brightness variations associated with local time variation283

contributes to the cycle in O density. There is variability in kzz (Figure 7a) also, but not284

directly correlated since the O density has negligible effect on kzz. There is one event285

marked P2 in O density near DoY 170, and a spike in kzz correlate with the sharp trough,286

following P2 in O density, that will be described in the discussion section. This event,287

is not just a YO, but rather an event observed by both SABER and SCIAMACHY.288

The next step in our analysis is to better understand the continuity and downward289

O flux in context with the AO and summer enhancement in O at 96 km, and the kzz en-290

hancement below 87 km. The variability of atomic oxygen flux at 96 km has been cal-291

culated for the NH, and is plotted in Figure 8. The eddy diffusion velocity was deter-292

mined for the same method used to determine kzz in Figure 7a was multiplied by the293

O density (Figure 7b) for the calculation of the flux for Figure 8. An amplitude arrow294

of 10% (or minimum to maximum of 20%) is indicated in the figure. There is general295

consistency with the integral loss in O below 90 km, with a maximum at summer sol-296

stice, and a significantly lower flux in winter.297

4.2 Equatorial region and the SAO298

A semiannual oscillation in kzz is clearly evident at the EQ, with a much smaller299

AO than at low-to-mid latitudes (Figure 9). Note the SAO dominates at all altitudes,300

with a minimum SAO amplitude at 83 km. The amplitude of kzz at 87 km and above301

varies between a summer solstice minimum and spring equinox by a factor of ∼2, and302

from summer solstice to the fall equinox by a factor of ∼1.5. An observation in the phase303

–7–



manuscript submitted to Atmospheres

shift in the SAO, especially noted in the spring when the amplitude is largest. The phase304

propagates upward near spring equinox from day 65 at 83 km to day 100 at 96 km.305

4.3 Zonal kzz and O density IAVs306

Figure 10 is a plot of the average kzz versus altitude for the NH, SH and EQ zones307

using SABER data. Note the NH and SH profiles are almost identical with altitude. Also308

noted is the near constant distribution with altitude at the EQ zone.309

We hypothesize this is likely due to a difference in the sources contributing to kzz,310

both damped gravity waves and instabilities. Details of the rationale is described in the311

Discussion section.312

Figure 11 is a series of plots of the IAV associated with SABER O density. Fig-313

ure 11 a, b, and c are the IAVs of the percentage of O density change with altitude with314

respect to the global average density profile. Panels g and h describe the density IAV315

of O density at 96 and 85 km, respectively. The phase shift of the AO at the NH and316

SH with season as well as the large SAO at the EQ region at 85 km are dominant fea-317

tures. It is noted in particular that the amplitude of the O density below 87 km is 180318

degrees out of phase with kzz, suggesting the large values of downward diffusion veloc-319

ity in the summer depletes the O. On the contrary, in the EQ zone, the fact that the en-320

hanced kzz (and diffusion velocity) is larger at all altitudes, the larger O densities near321

the altitude of maximum density (96 km), supplies the O density from above, overcom-322

ing the O-losses at lower altitude. This is a major difference between the influence of kzz323

in the mid-latitudes and the AO effect in both hemispheres, to that of the SAO in the324

equatorial region.325

4.4 Late Spring Event, (NH, P2)326

A large spike in O density and kzz in the NH, occurs in the spring in the SABER327

data shown in Figure 7 b and 11 a and c, is also present in the SCIAMACHY O den-328

sity. Examination of a large amplitude at 96 km is noted with a peak at DoY 150 and329

a minimum (trough) at DoY 170 in the O density. Note the large peak in kzz (Figure330

7 a) coincides with the trough in the O density. The P2 feature has been highlighted with331

a dashed line (phase progressing) in Figure 11 a. The feature is also apparent in the SH,332

shifted by 180 days.333

The NH O density at 85 km vs. DoY is shown in Figure 12. Considering the lo-334

cal time spread of the measurements over the SABER night which for ’night’ consists335

of local times where the SZA>95◦ (solar zenith angle, solid line). It was noted, that when336

the local time hour intervals are made smaller, the amplitude of the Spring event changes,337

illustrated in this case, for SZA>130◦ (dotted line). The SABER data has a local time338

bias associated with the yaw periods (60 days), where the local time sampled shifts in339

local time from the beginning to the end of the yaw period. Studies of tidal influence on340

the mid-latitudes has recently been demonstrated by (Tian et al., 2021), where meteor341

wind climatology observed the diurnal variability as well as IAV tidal effects on momen-342

tum fluxes associated with damped GWs. We believe the change in amplitude of this343

spectral feature is due to filtering by the tides. The SCIAMACHY O data is also plot-344

ted as squares, which describes the same Spring event feature, where dashes highlight345

the specific feature amplitude. The SCIAMACHY data has gaps (shown as straight lines).346

Note that SCIAMACHY is always sampling at 10pm local time. It is also important to347

note that the O densities are relatively small at 85 km, whereas the fractional changes348

due to the AO are large. We hypothesize this Spring event is simply a brief, vertical ex-349

tension of the AO in kzz. The specific source of the effect at higher altitude could be a350

result of an increase in the source amplitude in the troposphere and/or a change in the351

integral dynamical filtering effects which primarily occur in the stratosphere.352
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4.5 Global Average kzz IAV353

Global average (i.e., between ±55◦) of SABER O density and kzz as a function of354

day of year at 96 km is shown in Figure 13a. The 96 km altitude was chosen because (1)355

it is the highest altitude of O resulting from OH airglow inversions used by SABER with356

relevant to global means, (2) is near 97 km chosen by (Qian et al., 2009) and (Salinas357

et al., 2016) intra-annual variation of kzz, studies that are compared to later herein, and358

(3) it is representative of the altitude of maximum O density contribution to the down-359

ward flux. The global average for both O density and kzz is computed by area weight-360

ing each zone by it’s effective fractional area (0.364 for NH and SH each, and 0.272 for361

EQ). The Global average IAV (Figure 7b) is dominated by an SAO, reflecting the large362

EQ SAO contribution to the average. The intra-annual values of SABER kzz are also363

plotted in Figure 13b where it is compared with that of (Qian et al., 2009).364

The global average values of kzz versus altitude for SABER is plotted in Figure 14365

and compared with the values from the study of global means by S19.366

5 Discussion367

The phase and peak altitude of the AO are consistent with dissipating and break-368

ing GWs, which propagate upward from the lower atmosphere during the eastward phase369

of the stratospheric circulation. Westward propagating, high-frequency waves are unfil-370

tered during this eastward phase, and propagate freely. This hypothesis is also consis-371

tent with the extended increase which begins and ends near spring and fall equinox; the372

times at which the stratospheric winds reverse. These results are consistent with the anal-373

ysis by (Garcia & Solomon, 1985). Their analysis of O3 observations and O shape pro-374

files were key elements of their discoveries, which here in are confirmed and refined upon375

with SABER and SCIAMACHY data. These results are generally consistent with pre-376

dictions from theory (Hines, 1960). A. Z. Liu (2009) analyzed the annual variation of377

kzz from lidar observations at 35◦ N (Starfire Optical Range), where the IAV exhibits378

a similar peak in amplitude in summer, but at slightly higher altitudes (∼90 km). En-379

hanced GW activity at mid-latitudes was also observed by Gardner et al. (2011); Gard-380

ner (2018). Meteor wind observations at mid-latitude (∼40◦N by (Tian et al., 2021), clearly381

illustrate IAV of zonal momentum fluxes to have variability in altitude and season sim-382

ilar to the kzz variability described in Figure 3b. This study also demonstrates the sig-383

nificant effect the tidal phases have on the diurnal variability.384

We computed the difference in the integral loss of O between 80 and 96 km in win-385

ter versus summer due to the AO, using the SABER profiles shown in Figure 6. The cal-386

culated difference in O loss between summer and winter solstice due to kzz corresponds387

to a change of 20% in the downward flux of O at 96 km. That difference should reflect388

the change in either the diffusion velocity (kzz) or O density, or a combination of both.389

The change was 20%, from the winter minimum to the summer maximum, or an oscil-390

lation amplitude of 10%. We note there is no change in the global average kzz at solstice391

(Figure 6b). According to the observational evidence from SABER and SCIAMACHY,392

the IAV in the diffusion velocity at 96 km is minimal throughout the annual cycle. The393

evidence lies in the variation in the O density, and an initial study by (Smith et al., 2010).394

A study of O variation with season was accomplished by Chen et al. (2019), who mea-395

sured O density oscillations using the GOMOS instrument, and analyzed the AO, SAO,396

and QBO amplitudes for a few years of observations. These observations complemented397

studies by Zhu et al. (2015), Lednyts’kyy et al. (2017), and followed by (Chen et al., 2019)398

where amplitudes of the AO were 11, 7 and 9.6% and for the SAO 15, 12, and 18%, re-399

spectively. The Chen et al. (2019) study had three zones: 20-30◦ N, -20 to -30◦ S, and400

an equatorial band. The intra-annual variation of the O density for SABER NH, SH, and401

EQ versus day number is shown in Figure 7a, and for both SABER and SCIAMACHY402
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in the NH in Figure 7b. Clearly, the amplitudes of the AO for atomic oxygen are con-403

sistent with the climatologically determined loss of O in the MLT.404

The IAVs in kzz at equatorial latitudes exhibits a more prominent SAO (Figure405

9), with a larger amplitude at spring equinox (2x) with respect to a summer minimum406

than the fall (1.5x). The SAO amplitude is reduced below 85 km. The EQ region ±15◦407

is dominated by the influence of the Inter Tropical Convergence Zone (ITCZ) in the lower408

atmosphere, a key factor in forcing the diurnal tides. These results are consistent with409

the theory described by Dunkerton (1982), which hypothesized that an observed SAO410

variability in the zonal wind at equatorial latitudes (Hirota, 1978) combined with Kelvin411

waves selectively enabled gravity waves to propagate into the mesosphere. The enhanced412

values of kzz that extend well into the upper mesosphere are consistent with this hypoth-413

esis. IAV observations of meteor radar winds at Jicamarca (∼12◦ N, Guo & Lehmacher,414

2009), illustrate strong tidal oscillations, with the largest amplitudes at spring and fall415

equinox, nearly identical to the equatorial IAV amplitudes of kzz derived herein. This416

result strongly supports the consideration that wave-tide coupling is directly responsi-417

ble for the larger kzz amplitudes at the EQ vs. NH and SH, in the 80-90 km altitude re-418

gion. (Li et al., 2005) illustrates a form of wave-tide coupling interaction with the diur-419

nal tide observations at low latitudes, where Mesospheric Inversion Layers (MILs) as-420

sociated with vertical mixing and turbulence, form with a tidal phase. In addition a sec-421

ondary consideration involves the QBO (Quasi-Biannual Oscillation). Swenson et al. (2018)422

described a QBO variation in kzz at EQ latitudes, also with reduced amplitude at 83 km423

compared to higher altitudes, likely due to the wave filtering by the QBO at lower al-424

titudes.425

The AO in kzz affects altitudes below 87 km (Figure 3 b and f, 5 b), whereas the426

SAO extends to the 96 km, the upper limit of SABER (Figure 3 d, and 9 a, b, and c.427

The near constant kzz vs. altitude for the SAO enhanced equinox regions is clearly shown428

in Figure 4 and 5. A possible explanation for the extended altitude region of the SAO429

is wave-tide coupling. The large amplitude in the diurnal tide (DT) at equatorial lat-430

itudes results in a wave-tide interaction (e.g. Li et al. (2005)). Figure 10a depicts the431

kzz profiles for both the annual average for the NH and SH, representing the mid-latitude,432

and the EQ. The fact that the EQ profile is uniform with altitude, not just at equinox433

periods but throughout the year, supports the hypothesis that the wave-tide coupling434

influences the vertical distribution of turbulence in the EQ region. The fact that the av-435

erage kzz is 2-3x larger for the EQ than for the NH/SH is consistent with the ITCZ be-436

ing a strong convective source of gravity waves. The upward propagating waves expe-437

rience minimal stratospheric filtering at the equator. Wave coupling with the large am-438

plitude diurnal tide, results in a significantly larger eddy diffusion effect in the EQ MLT.439

Historically, kzz (and the diffusion velocity) have been used as a parameter to drive440

composition effects in a number of general circulation models. Colegrove et al. (1965,441

1966) used this approach to define the kzz relationship to the bi-directional flux (nv) of442

atomic and molecular oxygen. S18 modified the original approach and solved for the dif-443

fusion velocity only. We understand today that atomic oxygen can be influenced by a444

host of other considerations including production, loss, and transport by waves, on the445

scales discussed herein. In a given hemisphere, the summer produces more O via pho-446

todissociation than in the winter, whereas the meteorology and forces from below that447

are responsible for the eddy velocity and downward transport to O loss do not necessar-448

ily map to the production timeline. The intra-annual diffusive coupling between 140 and449

96 km is primarily due to molecular diffusion throughout the altitude region, as well as450

eddy diffusion below ∼105 km. Diffusion upward into the thermosphere reflects the AO451

that is well documented in the very early thermospheric composition models, e.g., Jac-452

chia (1964) where thermal expansion in the thermosphere is important, where O den-453

sities vary diurnally by 100%. On the contrary, a 20% change in atomic oxygen density454

which is the maximum change between the AO solstice extremes, imparts a relatively455
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minimal change to the thermosphere. The total time for atomic oxygen production to456

the altitude of O(1S) emission was observed by Lednyts’kyy et al. (2017)) using corre-457

lation between the emission and solar rotation. The chemical loss of O primarily occurs458

below 93 km, with a peak loss near 87 km. The O density above 93 km is a reservoir of459

O that is diffusively and dynamically coupled, wherein there is time variation in that cou-460

pling that is dependent on the values of the kzz and the spectrum of upward propagat-461

ing large-scale waves of lower atmospheric origin that dissipate in that region. It is the462

eddy diffusive process and thus kzz in models, largely below 93 km, that supports the463

chemistry of O loss.464

Derived kzz at 96 km is compared to Qian et al. (2009) in Figure 13. The global465

average kzz from this study of MLT composition effects retains the EQ zone dominant466

SAO. The ”top-down” approach of (Qian et al., 2009) yields a much larger kzz ampli-467

tude, that is out of phase with the dynamical-chemical balance approach employed herein.468

The message here is the climatology of the O density and kzz dominate the vertical trans-469

port, and the global mean has little value to a model that is describing composition, since470

seasonal effects dominate. In particular, the O density and kzz with the NH vs. the SH471

are dramatically different for a given time, and when analyzing satellite data for a given472

orbit, the respective hemispherical responses should be kept separate, in order to account473

for the dominant seasonal influences.474

5.1 Implications for the Overlying Thermosphere and Ionosphere IAVs475

The IAVs in kzz that we have deduced will naturally have implications for upper476

thermospheric and ionospheric IAVs (e.g., Qian et al., 2009, 2013; Yue et al., 2019) through477

seasonally-dependent transport of atomic oxygen in the MLT region ((Jones et al., 2017,478

2018)). Figure 13 clearly shows an SAO in global average kzz that is consistent with CO2-479

derived kzz results from (Salinas et al., 2016), and is much weaker than what (Qian et480

al., 2009) inferred from satellite drag data in the upper thermosphere. Taken with the481

Salinas et al. (2016), our weaker IAVs in kzz indicate that the overlying thermosphere482

and ionosphere SAO is not primarily driven by IAVs in kzz, but rather acts in concert483

with the predominant thermospheric spoon mechanism (Fuller-Rowell, 1998; Jones et484

al., 2018).485

Further, our kzz deduced from SABER O, is of opposite phase relative to those ei-486

ther produced by gravity wave drag parameterizations or invoked in the NCAR thermo-487

spheric general circulation models (see Qian et al., 2009; Jones et al., 2017). This oppositely-488

phased IAV in kzz calculated herein is likely due to IAVs in the SABER O density (see489

Smith et al., 2010), and thus deduced downward O fluxes calculated for in the MLT re-490

gion. Differences between IAVs in kzz deduced from SABER O using equations 1-4 and,491

for example, the NCAR thermosphere-ionosphere-mesosphere-electrodynamics general492

circulation model (TIME-GCM) are probably because the atomic oxygen flux in equa-493

tions 1 and 2 are the total vertical flux of atomic oxygen, including eddy and molecu-494

lar diffusion and the “bulk” vertical wind (see Jones et al., 2018; Jones Jr. et al., 2021).495

While upper thermospheric general circulation models are able to separate all these dif-496

ferent processes, assumptions made in equations 1-4 lead to a slight convolution between497

the eddy diffusive flux and “bulk” vertical wind flux of O.498

Potentially, most important for upper thermospheric and ionospheric IAVs are the499

results presented in Figures 4 and 5, which show a strong AO in kzz at middle north-500

ern and southern latitudes. To our knowledge, unless one uses a large AO in kzz (like501

Qian et al., 2009) in the MLT region, upper atmospheric general circulation models do502

not accurately reproduce the observed AO in thermospheric mass density and ionosphere503

electron density. Therefore, the latitudinal-dependence of IAVs in kzz within such mod-504

els should be re-evaluated given our results. Perhaps, one might expect these upper at-505

mospheric general circulation models would produce a more realistic thermospheric and506
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ionospheric AO in pertinent model parameters, if they properly accounted for the lat-507

itude and seasonal dependence of kzz IAVs deduced from SABER. Such reasoning is fur-508

ther supported by recent results from Malhotra et al. (2020), which quantified the sen-509

sitivity of middle-upper thermospheric dynamics, energetics, and composition to changes510

in O density between the 95-100 km in the global ionosphere thermosphere model (GITM,511

model lower boundary at 95 km).512

The temperature profile between 95 km and the thermosphere is an important at-513

tribute in the diffusive coupling of composition between atmosphereic regions, especially514

for projecting compositional IAVs into the upper thermosphere and ionosphere (see (Jacchia,515

1970) and Equations 1 and 4 herein). Temperature measurements from SABER CO2,516

as well as GOLD (Gobal-scale Observations of the Limb and Disk) and ICON (Ionospheric517

CONection Explorer) satellite measurements will provide improved temperature IAVs,518

for the models above to validate against. The modeling studies above clearly demonstrate519

that eddy diffusion, neutral wind transport, and the temperature all play an important520

role in MLT coupling of composition with the thermosphere. Further, seasonal produc-521

tion and loss also plays a role for O. With these new space-based assets, providing long-522

term datasets, we are starting to be able to truly assess the ability of our general circu-523

lation models in the middle and upper atmosphere.”524

5.2 Uncertainties and Future Studies525

Figure 14 shows the near global (±55◦ average of kzz altitude profiles for SABER.526

The main difference between this study and S19) is an increase in the total profile by527

a factor of ∼2 at 83 km to 1.5 at 96 km. The primary reason for this is a lesser amount528

of O in the mean O profiles which leads to an increased kzz in order to meet the flux in-529

tegral (Equation 2) from the 80 km lower boundary condition. Additional minor con-530

tributions are attributed to 1) the method of averaging kzz from the three zones, for the531

26 periods in the annual cycle, rather than computing a global mean from the global mean532

O density profile, 2) MSIS2.0 that contains the relevant background atmosphere affect-533

ing the chemistry of O loss for each of the 78 temporal/spatial conditions, and 3) the O534

density was determined for nighttime conditions only, whereas the earlier study deter-535

mined O density for day and night conditions. The O density uncertainties increase to536

a lower limit of 80 km, contributing the uncertainty in kzz below 83 km (Figure 14). The537

chemical model was described by Mlynczak, Hunt, Mast, Thomas Marshall, Russell III,538

et al. (2013); Mlynczak et al. (2018). Table 2 in Mlynczak et al. (2018) describes an un-539

certainty of 20%, whereas the analysis by Mast et al. (2013) describes a smaller error.540

The uncertainty in kzz is less sensitive to O density but strongly sensitive to the gradi-541

ent. A case study changing O density by 20% uniformly in altitude above 80 km resulted542

in a change in kzz of 1.6% at 96 km, increasing with decreasing altitude to 2.0% at 89543

km, 3.0% at 84 km, and 6.3% at 80 km. The statistical uncertainties of 16 years of limb544

data inversions with geophysical variations of waves (gravity waves, tides and planetary)545

contributions are unknown, but we believe less than those due to the uncertainties in the546

O density.547

Clearly, the sophisticated approaches to define, track, filter, and propagate the me-548

teorological effects from below as was done by Becker and von Savigny (2010); Grygalashvyly549

et al. (2012); A. Z. Liu et al. (2016), among others are evolving and constantly being im-550

proved. As the coupling of the atmosphere from the troposphere to the thermosphere551

is developed, the climatology of the minor constituents in the MLT, and paramaterized552

transport effect from these climatologically driven studies, will play a role in refining and553

improving the process, with model validation.554
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6 Conclusions555

The intra-annual variation of eddy diffusion in the MLT region has been quanti-556

fied using an analysis of the observed, average atomic oxygen profiles at 80-96 km by the557

TIMED-SABER instrument (2002-2018) and at 80-105 km by the Envisat SCIAMACHY558

instrument (2002-2014). The analysis method described for determination of global mean559

kzz by S19 was used, along with the background atmospheric species were determined560

by the MSIS2.0 model (Emmert et al., 2021).561

A list of our prominent findings are as follows:562

1. The AO variation in kzz peaks in summer (near solstice) and is at a minimum in563

winter, with an amplitude factor change of ∼4x between solstices, in both the NH564

and SH at 83 km.565

2. The difference between the winter and summer losses of O require an AO ampli-566

tude in the downward flux (nv) at 96 km, for 10%. The intra-annual variation of567

the eddy diffusion velocity (v) is invariant at that altitude, but the O density is568

not, with measurements and analysis by Chen et al. (2019). The minimal O den-569

sity below 90 km in the mid latitude summer is consistent with enhanced deple-570

tion and chemical O loss in summer.571

3. The analysis of kzz in the EQ region resulted in a large SAO amplitude of 25%572

from solstice to spring equinox, and less from solstice to fall equinox.573

4. The EQ kzz annual-average profiles are uniform with altitude, with a value of 1.1×106574

cm2s−1. The vertical extent of the large kzz, the upper limit of the data at 96 km,575

likely contributes to the simultaneous increase in O density, rather than the op-576

posite effect, observed at mid-latitude with the AO cycle. The uniformity with al-577

titude and significantly larger SAO amplitude support the hypothesis that wave-578

tide coupling contributes to turbulence and wave mixing at all EQ altitudes. The579

stratospheric wind minimum at the EQ also likely minimizes the filtering of waves580

reaching the MLT.581

5. The climatology of the MLT kzz supports the Qian et al. (2009) annual mean, but582

not the intra-annual variability in the downward flux at 97 km, similar to what583

was reported by Salinas et al. (2016). The variation in the AO (at solstice) is par-584

tially due to the variability in the O density, and consequently, the downward flux,585

that is highly variable with season. The intra-annual global mean kzz and O den-586

sity in global models, would be best replaced with seasonal effects for the respec-587

tive hemisphere, in order to better represent coupling effects taking place in the588

MLT.589
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Figure 1. MLT O transport schematic. Atomic oxygen is produced via photo-dissociation of

O2 and diffuses downward by both molecular and eddy processes to the mesosphere, where loss

occurs through recombination (e.g., Colegrove et al., 1965, 1966).
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NH

SH

EQ

Figure 2. A plot of sampling statistics for SCIAMACHY nighttime measurements, for lati-

tude vs. time (2002-2012). The dotted horizontal lines define the limits of the zonal boundaries

within which the zonal data were analyzed. There are significant data gaps in the summer for all

zones (NH,SH, EQ), and at lower latitudes (<–40◦) in the SH.
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Figure 3. (a), (c), (e) Variation of kzz deduced from SABER measurements, with the day of

year in the NH, EQ, and SH latitude bands. Each colored line represents a different altitude in

the range of 80-100 km. (b), (d), (f) Variation of kzz with day of year and altitude is shown for

the NH, EQ, and SH latitude bands.
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Figure 4. kzz vs. DoY for the NH. (a) Values determined from SABER O, for 96, 91, 89, and

83 km. The AO dominates at 83 km, driven by the meteorology from below, with a maximum

in the summer. (b) Same as (a) except 83 km, for SABER (solid) and SCIAMACHY (dots). (c)

Same as (b) except for 96 km.
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Figure 5. (a) Same as Figure 4a, except for the SH zone. (b) SABER SH and NH, and SCIA-

MACHY SH and NH at 83 km.
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winter is factor of ∼4x for both O climatologies at 83 km.
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Figure 7. The intra-annual variation of kzz (a) and O density (b) for SABER at 96 km are

shown with the vertical double arrow illustrating a fractional amplitude indication. The circles

are the days of the satellite yaw events, each year. The relatively large ’spike’ event at day 170, is

labeled P2.
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Figure 8. The intra-annual variation of the SABER eddy flux in the NH at 96 km. The

flux has a maximum in summer, with lower values in fall, and significantly lower in spring. The

vertical arrow illustrates the required change between summer and winter solstice necessary to

account for the change in the loss of O (and increase in kzz) below 87 km, shown for SABER in

Figure 6.
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Figure 9. (a) kzz vs. DoY for the EQ 96, 91, 87, and 83 km for SABER. The SAO is the

dominant oscillation at all altitudes. (b) Same as (a) except at 96 km for SABER and SCIA-

MACHY, and (c), same as (b) except for 83 km.
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Figure 10. Annual average kzz vs. altitude values for SABER, for the NH, SH, and EQ

zones. The NH and SH profiles are nearly identical. Note the EQ profile is almost constant with

altitude.
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Figure 11. The IAV of the percentage change in O density vs. altitude, relative to the zonal

mean altitude profile for the NH (a), EQ (b), and SH (c). (d) The IAV in SABER O density at

96 km and (e) for 85 km. Note the AO amplitude phase switches from a summer maximum at 96

km, to a winter maximum at 85 km, where the minimal O density coincides with the maximum

in kzz at low altitude (see Figure 3b, 4b, and 5b). Also note the significant EQ SAO amplitude

at 85 km, in phase with the magnitude and vertical extend of kzz (Figure 9a, b, and c), rather

than out-of-phase. Note event P2 with a maximum near the upper altitude of the sampling

altitudes at 96 km near DoY 170 in the NH (a) and ∼180 days later in the SH, (c).
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Figure 12. NH O density vs. DoY, at 85 km. The SABER nighttime data (solid line),

SABER SZA>130◦ (dashed), and SCIAMACHY data (squares) are shown. Both SABER and

SCIAMACHY clearly identify the P2 brightness enhancement. The amplitude effects of the P2

event include local time sampling biases, which are discussed in the text. Note the SCIAMACHY

data gaps and SABER Yaw dates are indicated.
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Figure 13. The global average of O density (a) vs. day of year for SABER at 96 km (Solid

circles). The NH, SH, and EQ are also plotted for perspective. There is a negligible difference be-

tween winter and summer, although the SAO is clearly dominant. (b) The global average kzz vs.

day of year for SABER at 96 km (dotted) and Qian et al. (2009) (solid). The mean kzz for the

two plots is nearly identical, but there are significant differences in the intra-annual variations.
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Figure 14. kzz vs. altitude for the global average (GA) SABER O from this study compared

with the SABER O and CO2 and SCIAMACHY O derived results in S19.

Appendix A Definitions798

The terms for the equations 2–4 are defined as:799

Dij : mutual diffusion coefficient for ith and jth gases; (DO,N2
= 0.26(T/T0)1.76(P0/P ))800

Di: species molecular diffusion coefficient; (1/Di =
∑

j 6=i nj/NDij)801

g: acceleration of gravity802

H: scale height (κT/mg)803

Hi: species scale height (κT/mig)804

kzz: eddy diffusion coefficient805

κ: Boltzmann constant806

mi: species molecular weight807

m: mean molecular weight808

ni: density of ith constituent809

N : total density (N =
∑

i ni)810

φi: species flux (φi = nivi)811

T : temperature812

vi: species diffusion velocity for ith species813

z: altitude814

Appendix B Equation (2) Chemistry815

The chemistry describing the first term in Equation (2) is described in the text.816

The second and third terms were described in S18 and are repeated here for complete-817

ness.818

The second consideration of O loss is the three-body recombination, i.e.819
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O +O +M
k4−→ O2 +M (B1)

for k4 = 2.7× 10−33, where 2 atomic oxygen atoms are lost; and consequently,820

L(3body) = −2k4[O][O][M ] (B2)

The chemistry for the third term in Equation (2) is the loss due to HO2 is also a821

consideration, i.e.822

H +O2 +M
k6−→ HO2 +M (B3)

where k6 = 4.4×10−32(300/T )1.3, and subsequently forms an OH, where one O is lost,823

i.e.824

O +HO2
k7−→ OH +O2 (B4)

for k7 = 3.0× 10−11 exp(200/T ).825
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